Purpose: The effect of microsatellite instability (MSI) on the response to radiotherapy remains unknown. The aim of this study was to investigate the association between the MSI status and the outcomes of gastric cancer (GC) treated by surgical resection with or without postoperative adjuvant chemoradiotherapy.
INTRODUCTION
Gastric cancer (GC), which is characterized by epidemiological, biological, and genetic heterogeneity, is a leading cause of cancer-related death worldwide (1) . It is associated with a high relapse rate, even after radical gastrectomy. Therefore, postoperative therapies for preventing recurrence have been developed. On the basis of evidence for improved overall survival (OS) and/or disease-free survival (DFS) from randomized phase III clinical trials (2) (3) (4) (5) (6) (7) , fluoropyrimidine (FU)-based adjuvant chemotherapy or chemoradiotherapy is recommended for patients with resected stage II-III GC and select patients with stage Ib GC who exhibit positive nodes or risk factors for relapse. Several meta-analyses have further confirmed the efficacy of adjuvant chemotherapy or chemoradiotherapy for these patients (8) (9) (10) (11) (12) (13) .
Although postoperative adjuvant chemotherapy and chemoradiotherapy have resulted in equal improvements in OS in clinical trials (3, 5) , chemoradiotherapy may be superior to chemotherapy in terms of local recurrence control. The Adjuvant Chemoradiotherapy in Stomach Tumors (ARTIST) trial found that the addition of radiotherapy to adjuvant chemotherapy improved DFS in patients with node-positive disease and intestinal-type GC (5) . Another phase III study of patients with stage III GC treated with R0 gastrectomy and D2 lymph node dissection reported that chemoradiotherapy showed greater beneficial effects than did chemotherapy alone in terms of locoregional recurrence-free survival (3) . A recent meta-analysis of seven studies with 1,807 patients also found significant improvements in DFS when radiotherapy was added to adjuvant chemotherapy (14) .
In the real world, therapeutic decisions are dependent on individual patient characteristics such as age, performance status, surgical pattern and quality, and preoperative treatment. Currently, both chemotherapy and chemoradiotherapy are considered for patients with resected GC. However, it has been noted that both therapeutic approaches show stage-independent variations in efficacy among patients; therefore, researchers have developed searches for molecular biomarkers that will facilitate the identification of subpopulations that would not benefit from this adjuvant treatment. Nevertheless, most studies aiming to improve patient selection focus on adjuvant chemotherapy rather than chemoradiotherapy.
Comprehensive studies using high-throughput technologies for assessing molecular alterations associated with GC have identified subgroups showing distinct clinical outcomes (15, 16) . Notably, microsatellite instability (MSI), which is caused by defects in the DNA mismatch repair (MMR) system, has been associated with a favorable prognosis of GC in several studies (15) (16) (17) (18) . Meanwhile, some retrospective studies identified a predictive role of MSI in early-stage GC, showing that microsatellite stability (MSS) tumors, but not MSI tumors, can benefit from FU-based adjuvant chemotherapy (17, 19) . However, these findings remain inconclusive and controversial (20) .
The effect of the MSI status on the response to radiotherapy remains unclear and may be further confounded when chemotherapy and radiotherapy are combined. Accordingly, the aim of the present study was to investigate the association between the MSI status and the outcomes of GC treated by surgical resection with or without postoperative adjuvant chemoradiotherapy.
MATERIALS AND METHODS

Patients
This retrospective study included three patient cohorts. The first one included patients from a prospectively designed database in the Affiliated Hospital of Jiangsu University (AHJU cohort), Zhenjiang, China. The other two cohorts included patients with GC who were selected from The Cancer Genome Atlas (TCGA) and the Asian Cancer Research Group (ACRG) databases. The sample codes for these patients are listed in the Supplementary Data. Relevant data for these patients were retrieved and manually organized as per a previously described protocol (21) .
The inclusion criteria for this study were as follows: (1) a history of gastrectomy and FU (5-fluorouracil, capecitabine, or S-1 [tegafur-gimeracil-oteracil potassium capsules])based chemoradiotherapy [the INT-0116 radiotherapy regimen (7) was a requirement for the AHJU cohort] or simple observation after surgery; (2) a pathological diagnosis of stage Ib-III gastric adenocarcinoma; and (3) no previous history of radiation therapy, chemotherapy, or biological targeted therapy (including preoperative therapy). The American Joint Committee on Cancer criteria was used for clinical and clinicopathological classification and staging. 
Assessment of the MSI Status
Single fluorescent multiplex polymerase chain reaction using genomic DNA extracted from macrodissected cancerous and non-cancerous tissues was performed for determination of the MSI status on the basis of five markers with mononucleotide repeats (15) . MSI tumors were defined when samples showed allelic size variations in at least two microsatellites. The remaining samples were considered to represent MSS tumors.
Pathway Enrichment Analysis and Hypoxia Scoring
mRNA abundance data were freely downloaded from TCGA (https://portal.gdc.cancer.gov/) and the NCBI Gene Expression Omnibus (GEO; GSE62254 for ACRG) and processed as previously described (21) . The Kyoto Encyclopedia of Genes and Genomes pathway enrichment analysis was performed using Gene Set Enrichment Analysis (GSEA) software v3.0.
Tumor hypoxia was quantified using Parametric Gene Set Enrichment Analysis (http://www.bioconductor.org/packages/ devel/bioc/html/PGSEA.html) based on mRNA-based hypoxia signatures developed by Buffa (22) , Winter (23), Ragnum (24), Eustace (25) , and Sørensen (26) .
Statistical Analysis
The primary and secondary endpoints were OS and DFS, respectively, which were defined according to a previous study (27) . Between-group comparisons were performed using Chisquare tests, Student's t-tests, and Mann-Whitney U-tests as appropriate. Survival analysis was performed using the Kaplan-Meier method and a log-rank test. Univariate and multivariate Cox proportional hazard models were used for analyses of prognostic factors, with calculation of hazard ratios (HRs) and 95% confidence intervals (CIs). A two-sided p-value of <0.05 was considered statistically significant. R (version 3.6.0) and R Bioconductor packages were used for all analyses. 
RESULTS
Patient Characteristics
The AHJU, TCGA, and ACRG cohorts included 89, 202, and 138 eligible patients, respectively. MSI was correlated (p < 0.05; Table 1 ) with age and the histopathological type in the AHJU cohort; age, sex, and the tumor location in the TCGA cohort; and the tumor location in the ACRG cohort. These findings indicated heterogeneity among the three cohorts.
Association of the MSI Status With the Prognosis
All 429 patients could be analyzed for OS. As shown in Figure 1 , there was no significant association between the MSI status and OS in any cohort (p > 0.05), although OS tended to be better for patients with MSI GC than for those with MSS GC in the ACRG cohort (p = 0.070). In addition, MSI played no prognostic role in terms of OS in a combined cohort including all patients (p = 0.220).
A total of 392 patients could be analyzed for DFS, which was significantly better for patients with MSI GC than for those with MSS GC in the ACRG cohort (p = 0.020) and the combined cohort (p = 0.012). However, there was no significant difference in the AHJU and TCGA cohorts (p = 0.933 and 0.085, respectively).
These findings indicated that the prognostic role of MSI in GC needs further clarification.
Association of the MSI Status With the Efficacy of Postoperative Adjuvant Chemoradiotherapy
As shown in Figure 2 , compared with surgery alone, adjuvant chemoradiotherapy improved OS of patients with MSS GC in each individual cohort and the combined cohort (p < 0.05). Multivariate models showed that chemoradiotherapy was an independent predictor of OS for patients with MSS GC (Table 2) in the AHJU (HR, 0.30; 95% CI: 0.13-0.67; p = 0.004), TCGA (HR, 0.29; 95% CI: 0.12-0.71; p = 0.006), and ACRG (HR, 0.35; 95% CI: 0.18-0.68; p = 0.002) cohorts as well as the combined cohort (HR, 0.28; 95% CI: 0.18-0.44; p < 0.001).
DFS of patients with MSS GC was significantly improved by adjuvant chemoradiotherapy in the AHJU and ACRG cohorts and the combined cohort (p < 0.001 for all). However, there was no significant improvement in DFS of patients with MSS GC in the TCGA cohort (p = 0.199), which may be limited by missing DFS data for 17.1% patients (27/158) .
Interestingly, adjuvant chemoradiotherapy significantly improved OS of patients with MSI GC in the TCGA cohort (p = 0.043), and a trend for this beneficial effect was also observed in the ACRG cohort (p = 0.200). A similar result was observed for the combined cohort (p = 0.045). These findings suggest that postoperative adjuvant chemoradiotherapy may be effective for select patients with MSI GC. 
Association of the MSI Status With the Efficacy of Postoperative Adjuvant Chemoradiotherapy by TNM Stage
To determine the subgroups of patients with MSI GC that could benefit from adjuvant chemoradiotherapy, we conducted stratified analyses for the association of MSI with the efficacy of chemoradiotherapy according to the TNM stage. As shown in Figure 3 , patients with MSS GC benefited or tended to benefit from chemoradiotherapy in terms of OS; this effect was observed for both stage Ib/II and stage III lesions. However, among the patients with MSI GC, beneficial effects of chemoradiotherapy on OS were observed only for those with stage III lesions. These results were further confirmed in the combined cohort. The results of stratified analyses based on the TNM stage were more heterogeneous for DFS, although they were similar to the results for OS in the combined cohort.
Results of GSEA and Tumor Hypoxia
Scoring for Stage Ib/II GC The above mentioned results indicated variations in the efficacy of chemoradiotherapy between MSI stage Ib/II GC and MSS stage Ib/II GC. Therefore, we compared the gene expression profiles between these subgroups in the ACRG cohort (Figure 4A) . GSEA revealed that the most significantly enriched pathways in MSI GC were involved in DNA repair, nucleotide metabolism, cell cycles, and DNA replication (Figure 4B) . In particular, pathways of pyrimidine metabolism and one carbon pool by folate, which are all associated with FU metabolism and resistance, were significantly enriched (Figures 4B,C) . We then considered thymidylate synthetase (TS, TYMS), an indispensable key enzyme in folate and pyrimidine metabolisms and the target of FU (28) . As shown in Figure 4D , TYMS mRNA expression was significantly higher in MSI stage Ib/II GC than in MSS stage Ib/II GC in the ACRG cohort, which was further verified in the TCGA cohort (p < 0.001 for both). Hypoxia renders tumors resistant to radiotherapy and chemotherapy (29) . Thus, we quantified and compared tumor hypoxia between MSI stage Ib/II GC and MSS stage Ib/II GC. For all hypoxia signatures, MSI tumors showed significantly greater hypoxia than did MSS tumors in both the ACRG (Figure 4E) and TCGA ( Figure 4F ) cohorts (p < 0.05).
DISCUSSION
For a long time, GC has been suboptimally treated because of the application of a common uniform therapeutic strategy, irrespective of the disease subtype. Recent progress in deciphering the genomic landscape of GC has contributed to the development of novel therapeutic strategies by molecular classification (15, 16) . In the present study, we evaluated the association between the MSI status in resected GC and the efficacy of postoperative adjuvant chemoradiotherapy. To our knowledge, this association has not been reported earlier.
The most novel finding in this study was that postoperative adjuvant chemoradiotherapy may have a beneficial effect in patients with MSI stage III GC. Interestingly, a detrimental effect of adjuvant chemotherapy was previously detected for this subgroup (30) . However, that study was retrospective and enrolled only 50 patients with MSI stage III GC, including only nine controls; this indicated potential bias. Similarly, in a post hoc analysis of the results of the Adjuvant Capecitabine and Oxaliplatin for Gastric Cancer After D2 Gastrectomy (CLASSIC) trial, only 16 patients with stage III disease were included from a total of 40 patients with MSI GC (17) . The findings revealed no benefit of adjuvant chemotherapy for MSI GC, with no available results for stage III lesions. Clearly, it is difficult to conduct a sufficiently large study for MSI GC, let alone a study for MSI stage III GC, because the reported prevalence of MSI GC ranges from only 6.6 to 22.7% (15) (16) (17) (18) (19) (30) (31) (32) . In our study, the prevalence of MSI GC was 20.2, 21.8, and 29.0% in the AHJU, TCGA and ACRG cohorts, respectively. However, despite similar sample size limitations, we observed a significant benefit of postoperative adjuvant chemoradiotherapy in patients with MSI stage III GC. This finding suggests a difference in efficacy between chemoradiotherapy and chemotherapy in this subgroup and needs further investigations.
With regard to the effect of the MSI status on the prognosis of GC, we found population heterogeneity among the three cohorts included in our study. Although MSI GC has shown a favorable prognosis in several studies (15) (16) (17) (18) , it has shown a prognosis similar to that of MSS GC in other studies (19, 30) . Interestingly, a prognostic effect of MSI may exist in patients who receive only surgery, and it could be attenuated by the administration of adjuvant chemotherapy (30) . This finding was also observed in the present study, particularly in the combined cohort (Figure 2) . Taken together, the prognostic role of the MSI status in early-stage GC remains conflicting.
The role of MSI as a biomarker is thought to be mediated by its effect on antitumor immunity (33) , which may be attenuated by the immunosuppressive effects of chemotherapy. However, chemotherapy and/or radiotherapy also modify the immune contexture by eliminating immunosuppressive cells or stimulating the immune system (34) . It is believed that the ultimate outcome of a treatment for cancer is determined by the equilibrium between its immunostimulatory and immunosuppressive effects (35) . In the present study, we found differences in the efficacy of adjuvant chemoradiotherapy between MSI stage III GC and MSI stage Ib/II GC, which indicates that the above mentioned equilibrium differs between these two subgroups.
We also revealed novel potential mechanisms underlying the differential effects of chemoradiotherapy for MSI stage Ib/II GC and MSS stage Ib/II GC. Compared with MSS tumors, MSI tumors exhibited increased expression of genes enriched in specific pathways that may induce resistance to therapy. In addition, tumor hypoxia was significantly greater in MSI stage Ib/II GC than in MSS stage Ib/II GC. Tumor hypoxia plays a central role in the tumor's resistance to therapy (29) . Several mRNA-based tumor hypoxic signatures have been shown to predict clinical outcomes in many cancers, independent of existing clinical markers (22) (23) (24) (25) (26) . To our knowledge, this is the first study to determine differences in tumor hypoxia according to the MSI status by using these wellestablished signatures.
Limitations of this study primarily include the retrospective design, heterogeneous population, and limited number of patients with MSI GC. However, we evaluated three independent cohorts from different areas and observed a consistent association between the MSI status and the efficacy of postoperative adjuvant chemoradiotherapy in patients with resected GC. This indicates the robustness of our findings, although further prospective validations with well-designed, larger samples are warranted.
In conclusion, the results of this study suggest that postoperative adjuvant chemoradiotherapy has beneficial effects on MSI stage III GC and MSS GC of all stages. However, patients with MSI stage Ib/II GC may respond poorly to adjuvant chemoradiotherapy after resection. These findings are expected to contribute to an improvement in the clinical outcomes of resected GC by improving patient selection for postoperative adjuvant therapy.
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